INTRODUCTION
Occupati ozn of receptors on neutrophils and HL60 cells leads to the generation of multiple intracellular messenger molecules, e.g. Ca2+, diacylglycerol (DG), phosphatidic acid (PA) and arachidonic acid, which control the functional response of the cell. Many ofthese intracellular messengers are formed predominantly from the action of three phospholipases, A2, C and D, acting on membrane phospholipids (for review, see [1] ). In neutrophils and differentiated HL60 cells, there are several receptors that belong to the seven transmembrane-spanning segment family that couple to heterotrimeric G-proteins. These include receptors for N-formylmethionyl-leucylphenylalanine (fMetLeuPhe), ATP, platelet-activating factor (PAF), leukotriene B4. C5a and interleukin-8. It is widely accepted that phospholipase C (PLC) is linked to some receptors via G-proteins [2, 3] . More recently, mechanisms for similar G-protein-linrked regulation of phospholipase A2 and phospholipase D (PLD) have also been proposed (for review, see [1] ). The [4] [5] [6] [7] [8] .
One of the functional responses of the neutrophil and the HL60 cell is secretion; this has been examined in great detail in permeabilized cell preparations [9] [10] [11] [12] [13] [14] [15] . Secretion from neutrophils and HL60 cells has been demonstrated to involve at least two G-proteins [9, 14] . The first G-protein implicated is the one which regulates PLC, leading to the generation of the second messengers inositol trisphosphate (involved in Ca21 mobilization) and DG (activator ofprotein kinase C). Support for the existence of a second G-protein regulating secretion has come from many other cell types, including eosinophils [16] , mast cells [17] and stimulation of secretion in permeabilized cells stimulated by Cal' alone or fMetLeuPhe or GTP [S] is also abrogated when the production of PA is diverted to PEt by the presence of ethanol. Activation of PLD by GTP [S] or fMetLeuPhe is decreased if the cells are permeabilized first and GTP [S] or fMetLeuPhe is added subsequently. This corresponds well with the loss of the secretory response. We conclude that the ability of GTP [S] or fMetLeuPhe to stimulate secretion from permeabilized cells is dependent on a prior activation of the PLD signalling pathway. PA, generated as a consequence of PLD activation, acts as second messenger that can provide an initiating signal for secretion and is not required for exocytosis itself. platelets [18] (see [19] for review). Evidence for the involvement of a second G-protein in HL60 cells and neutrophils includes the following observations [9, 14, 15] [14, 20] .
The identity of the second G-protein and the catalytic activity that it may regulate have not yet been defined. So far it has been possible to eliminate phospholipase A2 as the catalytic activity regulated by this G-protein [1 5,21,22] . The aim of this study was to investigate the relationship between secretion 
MATERIALS AND METHODS Materials
Culture media and supplements were purchased from Flow Laboratories, guanine nucleotides and BSA were from Boehringer Mannheim, and streptolysin 0 was from Wellcome Diagnostics, [3H]Alkyl-lyso-PC (92 Ci/mmol) was purchased from Amersham. All other reagents, including cytochalasin B, fMetLeuPhe, C5a, PA, peanut PLD and phosphatidycholine (PC), were purchased from Sigma. Phosphatidylethanol (PEt) was obtained from Avanti.
Preparation of PA and PEt PC was incubated with peanut PLD in the presence of ethanol (2 %) to make a mixture of PA and PEt. PC (4 mg) was incubated with 1000 units of PLD in 1 ml of acetate buffer (0.2 M, pH 5.6) containing Ca2+ (1OmM) in the presence of ether (400,1l) overnight at room temperature. At the end of the incubation, the ether was evaporated and the lipids were extracted with 3.75 ml of chloroform/methanol (1:2, v/v), followed by addition of 1.25 ml of chloroform and 1.25 ml of water. After phase separation, the chloroform phase was recovered. The sample was run on t.l.c. and two spots corresponding to PA and PEt were observed. Authentic PA and PEt were run in parallel for confirmation.
Culture and labelling of HL60 cells Culturing and dibutyryl-cyclic-AMP-induced differentiation of HL60 cells were carried out as previously described [14, 23] . Before labelling with [3H]alkyl-lyso-PC, HL60 cells were washed and resuspended at 5 x 107 cells/ml in Buffer A, comprising 20 mM Hepes, 137 mM NaCl, 2.7 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 5.6mM glucose and 1 mg/ml fatty-acid-free BSA (pH 7.2). Cells were labelled with 5 ,tCi/ml [3H]alkyl-lyso-PC for 30 min at 37°C as described previously [24] .
Determination of PLD acftvation in intact HL60 cells
The labelled cells were washed twice and resuspended in Buffer A and equilibrated for 30 min at 37 'C. Cytochalasin B was added to the cells (5 ,M final concn.) and 100 l1 samples were transferred to tubes containing the agonist with or without ethanol (2 % final concn.) as indicated. The cells were incubated for 0 min at 37 'C, transferred to ice, and centrifuged at 4 'C for 5 min at 600 g. The supernatant was assayed for enzyme release (50 ,ul) and the remainder of the incubation was quenched with chloroform/methanol (1:2, v/v) followed by vortex-mixing. A mixture of unlabelled PA and PEt was added at this stage for localization of the reaction products by t.l.c. Phase separation was achieved by sequential addition of 2 M KCl and chloroform.
The chloroform phase was collected, dried under vacuum and then redissolved in 50 ,ul of chloroform. Samples were spotted on Whatman LK6TLC silica plates previously impregnated with 1 % potassium oxalate solution, dried at room temperature overnight and activated for 1 In experiments where the effect of MgATP or fMetLeuPhe was monitored, glucose was omitted from the permeabilization buffer, and after the equilibration period the cells were metabolically inhibited with 5.6 mM 2-deoxyglucose and 5 ,M antimycin A for a further 5 min before being added to the tubes containing the reaction mixture. Under these conditions, the metabolically inhibited cells are unresponsive to external stimulation [15] .
Measurement of secretion Secretion of /J-glucuronidase was measured as previously described [14] . In some experiments, secretion of hexosaminidase was measured by incubating at 37 PA is converted into DG in a timedependent manner by the enzyme PA phosphohydrolase. PEt, on the other hand, is a more stable product. In the presence of ethanol, secretion stimulated by fMetLeuPhe is inhibited, but by only 50% (Figure la) . The time course of secretion and PEt formation was also monitored; both responses reached a peak maximally at approx. 30 s and remained at that level for 10 min (results not shown).
Stimulation of secretion by activation of the CSa or purinergic receptors is also accompanied by activation of PLD ( and to Ca2+ present alone or in combination, this may reflect the involvement of phosphorylation. GTP[S] is able to stimulate PLC (and hence protein kinase C activation) as well as tyrosine phosphorylation in the presence of MgATP. (Table 3 ). In addition, it was also observed that dGDP inhibited PLD activation by Ca2+ alone.
GTP[S]-mediated activation of PLD can be inhibited by dGDP
The mechanism of fMetLeuPhe-stimulated PLD activation was also studied in permeabilized cells. Figure 2 shows that fMetLeuPhe increases the rate of PLD activation stimulated by GTP [S] . In permeabilized cells, the effect of fMetLeuPhe is only observed in the presence of GTP [S] . The extent of PLD activation by fMetLeuPhe in permeabilized cells is similar in magnitude to the response observed in intact cells (compare data in Table 1 and Figure 3 ). The experiment presented in Table 3 was carried out at pCa 7, the resting level of Ca2+ present in most cells, and in the absence of MgATP. The observation that fMetLeuPhe can activate PLD only in the presence of GTP[S] supports the notion that PLD is directly coupled to the fMetLeuPhe receptor via a Gprotein. (Figure 3) . Ethanol was found to inhibit both the secretion induced by Ca2l alone or that induced by fMetLeuPhe. In all these cases, the secretion induced is sub-maximal. The secretion elicited at pCa 5 averaged around 15-20 %. Ca2_ independent secretion showed the greatest variability and was (Figure 4b) . In Figure 5 , we examined the effect of ethanol on secretion elicited by different concentrations Recent studies have indicated that activation of PLD by GTP[S] requires the presence of both cytosolic and membrane components [5, 6, 8] . We have examined the requirement for cytosolic components for Ca2l-, GTP[S]-and fMetLeuPhedependent activation of PLD. We exploited the observation that streptolysin 0 allows the efflux of cytosolic proteins such as lactate dehydrogenase from these cells within 5 min [14] . HL60 cells were pre-permeabilized for different lengths of time with streptolysin 0 in the presence of pCa 7 and no MgATP. Under these conditions, PLD activation does not occur. The pre-permeabilized cells were then stimulated with pCa 5, pCa 5 plus fMetLeuPhe, or pCa 5 plus GTP[S] for 10 min to assess PLD activation. Figure 6 shows a decline in PLD activation as the prepermeabilization interval is increased. A parallel decline in secretion is also seen (results not shown). Not In permeabilized cells, GTP [S] can by-pass the receptors and directly trigger secretion. In this case several independent components for triggering secretion can be discerned, and all appear to be associated with PLD activation to differing extents. These components will be discussed individually.
Ca2+-dependent secretion
Ca2+ alone in the presence of MgATP can stimulate secretion and activate PLD. Although Ca2+-dependent secretion is sensitive to the presence of ethanol, it is not the only determining factor.
We have previously shown that undifferentiated HL60 cells do not secrete in response to Ca2+ alone [14] , and yet Ca2+ at pCa 5 will stimulate the PLD pathway [8] . Clearly, the expression of Ca2+-dependent secretion is dependent on additional factors that are induced when the cells are differentiated. It should be stressed that differentiated HL60 cells are more similar to human neutrophils than are the undifferentiated cells. Both human neutrophils and differentiated HL60 cells secrete in the presence of micromolar levels of Ca2+ [15] .
Ca2+-independent secretion stimulated with GTP[S]
This component of secretion is small and does show greater experimental variation. This component of secretion is accompanied by PLD activation and is inhibited by ethanol.
Ca2++ GTP[S]-dependent secretion in the absence of MgATP
Under these conditions, PLD activation appears to be essential for secretion to occur, since secretion is very sensitive to the presence of ethanol.
These three components of secretion are each clearly sensitive to the presence of ethanol. However, secretion is barely affected when it is stimulated by Ca2+ + GTP [S] in the presence of MgATP (Figures 4 and 6 ). This would imply that PA is not essential for secretion when all three effectors are present at maximal levels. However, under maximal stimulation, a substantial amount of PA is formed, despite the presence ofethanol (see Table 2 ), which may be sufficient to support secretion. Therefore, despite the lack ofeffect of ethanol on secretion when triggered by Ca2+ + GTP [S] in the presence of MgATP, this does not disprove the hypothesis that PLD activation is required for secretion.
The conditional inhibition of secretion by ethanol argues strongly for a role for PA as one of the second messengers, rather than an intrinsic requirement for PA in the secretory process itself. This conclusion is strengthened by two other observations: (1) ethanol inhibits receptor-stimulated NADPH oxidase in intact cells, and it has been suggested that PA functions as a second messenger for the activation of the NADPH oxidase in neutrophils [30] [31] [32] [33] ; (2) XTP and ITP are good activators of secretion, but are poor activators of PLD activation.
What is the second-messenger role of PA? In principle, since PA can be converted into DG, it is conceivable that the main role ofthe PLD pathway is provision ofDG via PA phosphohydrolase for stimulation of protein kinase C. There are several reasons why it could be argued that it is PA rather than DG which is important. First, there is a good temporal relationship between the increase in PA and secretion [34] [35] [36] . The rise in PA and secretion reach a peak at 20-30 s, whereas the increase in DG occurs over a period of 2-5 min [35, 37] . Secondly, secretion can be stimulated in permeabilized cells by GTP [S] in the absence of MgATP, which is accompanied by PLD activation. Ethanol inhibits secretion under these conditions very effectively. This indicates that the role of PA is not related to protein phosphorylation, either directly [38] or via protein kinase C. In the absence of MgATP, the number of biochemical events that can occur is limited, and one possible candidate is that PA may promote dephosphorylation of a regulatory protein by activating a protein phosphatase.
In conclusion, PA should be considered as one of many second messengers formed during receptor-mediated activation of neutrophils. Its production is also regulated by a G-protein, similarly to the production of inositol trisphosphate and DG. These second messengers may participate in further recruiting Gproteins downstream to stimulate secretion or NADPH oxidase. In the case of the NADPH oxidase, it is clear that the G-proteins recruited downstream are racl and rac2 [39, 40] . By analogy with the oxidase system, small GTP-binding proteins may also be involved in secretion. A considerable body of evidence has accumulated indicating that small GTP-binding proteins of the rab family participate in vesicle fusion [41] [42] [43] [44] . More specifically, exocytotic fusion is activated by Rab3a peptides in mast cells [45] , pancreatic acinar cells [46] and adrenal chromaffin cells [47] .
